tory. Alternatively, mechanosensory neurons might be guided by adhesive interactions mediated by weak heterophilic interactions with Dscam isoforms present along their trajectories, with branching events controlled cell autonomously through repulsion mediated by homophilic interactions between Dscam isoforms. It will be crucial to determine which Dscam isoform functions required for generating disparate aspects of mechanosensory neuron morphology are repulsive or attractive, a goal which should be facilitated by molecular dissection of Dscam activity in this system.
The keen interest in Dscam arises from its extraordinary isoform diversity, and Chen et al. (2006) link Dscam isoform diversity to the generation of complex axonal trajectories. In addition to axon branching, Dscam is also critical for the morphogenesis of dendritic arbors (Zhu et al., 2006) , raising the question of whether dendritic arbor complexity also requires Dscam isoform diversity. If indeed Dscam isoforms are expressed nonrandomly, it will also be extremely interesting to learn how precise regulation of Dscam alternative splicing occurs in a cell type-specific fashion. Understanding how Dscam regulates neuronal process morphology and how this may be coupled to restricted Dscam isoform expression will offer us valuable insight into how complex and distinct circuits are laid down during neural development. Neves, G., Zucker, J., Daly, M., and Chess, A. (2004) . Nat. Genet. 36, [240] [241] [242] [243] [244] [245] [246] Schmucker, D., Clemens, J.C., Shu, H., Worby, C.A., Xiao, J., Muda, M., Dixon, J.E., and Zipursky, S.L. (2000) . Cell 101, 671-684.
Wang, J., Zugates, C.T., Liang, I.H., Lee, C.H., and Lee, T. (2002) . Neuron 33, 559-571.
Wang, J., Ma, X., Yang, J.S., Zheng, X., Zugates, C.T., Lee, C.H., and Lee, T. (2004) . Circadian clocks control physiological, metabolic, and behavioral rhythms in organisms ranging from cyanobacteria to humans. Central to the function of these clocks is the circadian oscillator, which is set by environmental time cues but keeps circadian time in their absence. In eukaryotes, circadian oscillators generate rhythms via transcriptional feedback loops that mediate rhythmic transcription through the coordinated activity of transcriptional activators and repressors. In addition to controlling rhythmic expression of key feedback loop components, these feedback loops drive rhythmic expression of "output" genes that control physiological, metabolic, and behavioral rhythms.
In mammals and other vertebrates, heterodimers of the basic helix-loop-helix-PAS transcription factors CLOCK and BMAL1 activate transcription of the Period (Per1 and Per2) and Cryptochrome (Cry1 and Cry2) genes by binding E box sequences (reviewed in Lowrey and Takahashi [2004] In animals, the circadian timekeeping mechanism relies on the coordinated activities of activators and repressors to control rhythmic transcription. In this issue of Cell, Doi et al. (2006) reveal that rhythms in histone acetylation are necessary for rhythmic transcription and that the histone acetyl transferase responsible is CLOCK, a key transcription factor that is essential for circadian oscillator function. Hardin [2005] ).
Transcriptional activation and repression are typically associated with chromatin modifications such as acetylation, phosphorylation, and methylation of histones. Within the circadian oscillator, activation of several CLOCK-BMAL1 target genes occurs in parallel with histone acetylation. Specifically, histone H3 is acetylated in chromatin that encompasses the Per1, Per2, Cry1, and Dbp promoters when these genes are actively transcribed (Curtis et al., 2004; Etchegaray et al., 2003; Naruse et al., 2004; Ripperger and Schibler, 2006) . As histone acetylation promotes transcription by "opening" condensed chromatin, the enzymes that acetylate histones, histone acetyl transferases (HATs), act as transcriptional coactivators by virtue of their interactions with sequence specific DNA binding transcription factors. Previous studies demonstrate that CLOCK-BMAL1 interacts with p300/CBP HAT when target-gene transcription is activated in vivo (Curtis et al., 2004; Etchegaray et al., 2003) . Given that a deletion within the Q-rich domain of CLOCK abolishes CLOCK-BMAL1 dependent transactivation (Lowrey and Takahashi, 2004) , it is possible that CLOCK may mediate transactivation by binding to p300/CBP HAT.
In this issue of Cell, SassoneCorsi and colleagues (Doi et al., 2006) report that HAT activity is indeed required for CLOCK-BMALdependent transactivation, but surprisingly the necessary HAT is CLOCK itself. The Q-rich domain of CLOCK shares a high degree of sequence similarity with ACTR-a member of the SRC family of HATsand with acetyl-coenzyme A (acetyl-CoA) binding motifs from the MYST family of HATs. Sequences shared between mouse CLOCK and these HATs are conserved in CLOCK homologs from other vertebrates and Drosophila, which suggests that all of these CLOCK proteins possess HAT activity (Doi et al., 2006) . Acetyl-CoA binding site mutants that eliminate the HAT activity of CLOCK are unable to activate CLOCK-BMAL1-dependent transcription.
Although these mutants do not affect E box binding or overall CLOCK and BMAL1 levels (Doi et al., 2006) , it is difficult to exclude the possibility that these acetyl-CoA binding site mutants affect other aspects of CLOCK function. Nevertheless, this result argues that the HAT activity of CLOCK mediates CLOCK-BMAL1 transactivation (Figure 1 ). Although BMAL1 enhances the HAT activity of CLOCK, BMAL1 does not possess HAT activity and cannot transactivate unless it is bound to a fully functional CLOCK (Doi et al., 2006) . The inability of CLOCK HAT mutants to activate Per1 transcription argues that histone acetylation is required for CLOCK-BMAL1-dependent transcription of Per1 and probably all other CLOCK-BMAL1 target genes. p300/CBP and other HATs are known to associate with CLOCK-BMAL1 (Curtis et al., 2004; Doi et al., 2006; Etchegaray et al., 2003) , but they are unable to acetylate histones or activate transcription in the absence of CLOCK HAT activity (Doi et al., 2006) . Given that CLOCK-BMAL1 initiates feedback repression by activating Per and Cry transcription, the results in Doi et al. (2006) suggest that CLOCK-dependent histone acetylation is necessary for circadian transcription and, therefore, circadian oscillator function.
Results from Doi et al. (2006) figure
Model for the Regulation of Rhythms in cLOcK-BMAL1-Dependent Transcription

Transcriptional activation requires E box binding by CLOCK (C)-BMAL1 (B) heterodimers and CLOCK histone acetyl transferase (HAT)-dependent acetylation of histone H3 (Ac).
Transcriptional repression is mediated by several events. First, PER and CRY bind to CLOCK-BMAL1. Formation of this complex can inhibit CLOCK HAT activity by promoting CLOCK phosphorylation (P) or inducing a conformation change in CLOCK-BMAL1. Binding of PER and CRY to CLOCK-BMAL1 may or may not cause the dissociation of the complex from E boxes. In either case, loss of CLOCK HAT activity promotes histone deacetylation and represses transcription. Transcriptional activation is mediated by several events starting with the degradation of PER and CRY. Phosphorylated CLOCK is then either dephosphorylated or degraded and resynthesized. CLOCK forms heterodimers with newly synthesized BMAL1, this complex bind to E boxes, and CLOCK HAT acetylates histones to activate transcription. The metabolic state of the cell may also modulate transcriptional activity by promoting either transcriptional activation or repression.
establish that histone acetylation is required to activate CLOCK-BMAL1-dependent transcription. Accordingly, the feedback repressors PER and CRY are expected to repress transcription by reversing the histone acetylation mediated by CLOCK. Indeed, feedback repression by PER and CRY is associated with decreased histone acetylation in CLOCK-BMAL1 target genes (Curtis et al., 2004; Etchegaray et al., 2003; Naruse et al., 2004; Ripperger and Schibler, 2006) . Such inhibition is likely to be direct since PER and CRY form a complex with CLOCK-BMAL1 to repress transcription (Lee et al., 2001) . Formation of this complex can release CLOCK-BMAL1 from E boxes (Ripperger and Schibler, 2006) , thereby blocking the HAT activity of CLOCK (Figure 1 ). The release of CLOCK-BMAL1 from E boxes may result from a PER- and CRY-induced conformational change. Alternatively, PER and CRY binding to CLOCK-BMAL1 promotes CLOCK phosphorylation (Lee et al., 2001) , which could also release CLOCK-BMAL1 from E boxes. These mechanisms are not mutually exclusive and are likely to regulate E box binding by CLK-CYC in Drosophila as well (Yu et al., 2006) . However, the situation in mammals is more complex because PER and CRY do not always remove CLOCK-BMAL1 from E boxes (Figure 1) ; CLOCK-BMAL1 constitutively binds to Per1 E boxes independent of PER and CRY abundance and preferentially binds to Cry1 E boxes when PER and CRY levels are high (Etchegaray et al., 2003; Lee et al., 2001) . Nevertheless, the same mechanisms proposed to inhibit E box binding by CLOCK-BMAL1-conformational changes and phosphorylation-may also mediate PER- and CRY-dependent inhibition of CLOCK HAT activity (Figure 1) .
Once PER and CRY inhibit CLOCK HAT activity, histones must be deacetylated to fully repress transcription. Two mechanisms have been proposed to account for PER-and CRY-dependent histone deacetylation. In one, PER and CRY promote histone deacetylation by bringing the corepressor Sin3 and one or more histone deacetylases (HDACs) into the CLOCK-BMAL1 complex (Naruse et al., 2004) . In the other, low levels of HDACs are always present in CLOCK-BMAL1 complexes, but histones only become deacetylated when PER and CRY enter the CLOCK-BMAL1 complex to inhibit CLOCK HAT activity (Etchegaray et al., 2003) . Given that these mechanisms were derived from studies of Per1 transcription in liver and mouse embryonic fibroblasts, additional studies are needed to determine whether they operate in other tissues and with other genes. PER and CRY degradation is thought to initiate several events that relieve transcriptional repression and promote transcriptional activation. These events include the production of hypophosphorylated CLOCK (by degradation of hyperphosphorylated CLOCK paired with new CLOCK synthesis or the dephosphorylation of hyperphosphorylated CLOCK), heterodimer formation between hypophosphorylated CLOCK and newly synthesized BMAL1, CLOCK-BMAL1 E box binding, and CLOCK HAT-dependent histone acetylation (Figure 1) . Doi et al. (2006) raise the possibility that metabolic activity can feed back to regulate the HAT activity of CLOCK. Although this possibility has not been explored experimentally, metabolic activity does alter CLOCK-BMAL1 DNA binding activity in vitro, presumably through the PAS or bHLH domains of CLOCK and BMAL1 (Rutter et al., 2002) . Such metabolic feedback could modulate the phase and amplitude of CLOCK-BMAL1-dependent transcription, thereby fine tuning oscillators in different tissues to their local environment. The in vivo impact of metabolic modulation on DNA binding activity of established PAS and bHLH containing clock proteins and on CLOCK HAT activity awaits further analysis.
